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A new magnetometer utilizing a longitudinally detected ESR The longitudinally detected ESR (LODESR) method is one of
(LODESR) method was developed. The probe head of the LODESR  the techniques designed to observe ESR. With this technique, tl
magnetometer is equipped with a single-turn coil (8 mm in diame-  sjgnal is derived from a longitudinal (i.e., parallelBg) oscil-
ter) which has a very wide bandwidth because the reactance of the  |ation of the magnetization caused by spin flipping under on/of
coil is always smalle_r than the resistance of the transmission line modulated ESR irradiatiors(9). Because the radio waves are
(50 ohm) at frequencies less than 700 MHz. Thus, an absolute mag- . hecessary to excite the electron spin of the paramagnet
netic field could be measured over awide range (2to 9 mT) using this . . . |
magnetometer without changing the probe head. © 2001 Academic Press speciesin LOD_ESR’ a dewf:e suchasthe re_sone_ltor is notalwa

Key Words: longitudinally detected ESR; magnetometer; mag- N€cessary. A ;lngle—turn coil can be used to w_radqte the electrc
netic field measurements; wide-range measurements; single-turn ~ SPiNs with radio waves. Because the current in a single-turn co
coil. that has arelatively small diameter approximates to the short cu
rent in a transmission line over a wide RF range, the bandwidt
of the coil is very wide 9). In this study, a new magnetometer
INTRODUCTION utilizing the LODESR method was developed. Because a prob

head equipped with a single-turn coil has a wide bandwidth, i
Absolute magnetic field measurements in low fields less th@ias possible to measure a wide rang@gf

10 mT are important for calibrating electromagnets, such as the

field gradient coils of magnetic resonance imaging systems. For RESULTS AND DISCUSSION
this purpose, an ESR magnetometer has been emplay& (

A method that uses this magnetometer is based on measuring id®ESR Magnetometer

resonant frequencyfy, of the electron spins, which is related to . .
d Yo P The block diagram of our LODESR magnetometer is showr

the static magnetic fieldy, by By = hfy/g8 (h, Planck'scon- . _. ; . o
stant;8, Bohr magneton). By using this equation, the absoluld Fig. 1. Its probe head consists of a paramagnetic species, :

magnetic field can be calculated from the resonant frequer{&?rorl]'at'on coil, ano!{_a plcku_p C(_)'I'_ diated with radi b
because thg-value is barely affected by variations in some pa- € paramagnelic Species IS irradiated with radio waves

rameters, such as temperature. For measuring wide Bi¢fee using the irradiation coil. When the radio waves are on/off mod

resonant frequency varies widely: therefore, the magnetometépgted under ESR conditions, the longitudinal oscillation of the

probe head should have a sufficiently wide bandwidth. By utilizl@dnetization of the paramagnetic species is detected by

ing the ESR magnetometer, the resonant frequency is determi éc&up coil. Thehfreqfuer:ﬁles of lt(hefr{ahdloLv(\S%/EsSSre_swelpt,fa;E
from the frequency at which the radio waves are absorbed,; N one searches for the peak of the signal o

it is necessary to use the probe head where this absorption thamagnetic species. The frequency at which this peak appe:

be detected. When a resonator is used for this purpose to obt3i f Easotnant Irze.quebrlcy ofdt?e patrhamagnetlc ts,femes. The 2
sufficient sensitivity, the probe head must have a very narr uteBo strength 1S obtained from the resonant frequency an

bandwidth. To overcome this problem in the resonator, an u e g-value of the paramagnetic species by using the above

tuned probe head with a delay-line structure was desighedl. ( mentioned equation.

: : . ifty milligrams of 1,1-diphenyl-2-picrylhydrazyl (DPPH)
Despite employing the delay line, the plural probe heads must bé:' . ) )
changed to measure fields less than 10 &) TT(hus, itis difficult was used as the paramagnetic specieg-\iue is 2.003610).

to measure a wide-rangg with the ESR magnetometer. The anisotropy of thg-value Qf the DPPH powder was not ob-
served at resonant frequencies less than 700 MHz.

N _ , The irradiation coil is a single-turn coil with a diameter of
To whom correspondence should be addressed at Institute for Life S

port Technology, Yamagata Public Corporation for Development of Indust:g,)mm' Itis ma(_j? (_)f copp_er wire (1 mmin fjlameter) and 59"
2-2-1 Matsuei, Yamagata 990-2473, Japan. Fax: +81-23-647-3149. E-m@€red to a semirigid coaxial cable (3.5 mm in diameter), whict

yokohide@fmu.ac.jp. has a characteristic impedance of 50 ohm. Under this conditiot
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were in accordance with the sBy within the margin of er-

or of the gaussmeter{1.5%) (L1). This shows that when the

LODESR magnetometer is used without changing the probe
heads, it is possible to measuBgover a wide range (from 2 to
9mT).

The signal amplitudes in Fig. 2 are roughly proportionaBgo

with a deviation 0f+15%. For longitudinal detection, the sig-
nal amplitude is directly proportional to tHg strength when a
constant magnetic field of radio wave,] is applied 0). In a
lower frequency band (less than 250 MHB), is almost con-
stant when a constant power is applied. The degree of deviatio
from the proportional relationship between the LODESR signal
amplitude andBy is in accordance with variations in the RF re-

ection level of the single-turn coil and variations in the gain

of the power amplifier that is connected to the single-turn coil

i.e., variation in applied power) at different frequencies. The

variation in signal amplitudes can be compensated by calibrat

ion (9).

Paramagnetic species
(DPPH powder)
Low pass filter
i Probe head fl
Pickup coils irradiation cal

(STPCs) (Single-turn coil}

There is a small signal at ca. 107 MHz in all of the spectra

in Fig. 2. This is not an ESR signal because it appears at th

FIG.1. Block diagram of our LODESR magnetometer. Its probe head cop@me frequency despite applying differdit The current in

sists of a paramagnetic species, an irradiation coil, and a pickup coil.

the single-turn coil can be used over a wide band because

a single-turn coil (i.e.B; strength), the diameter of which is
re
%i]oen line over a wide RF rang®)( However, the appearance

latively small, approximates to the short current in a transmis

reactance of the inductor is always smaller than 50 ohm at fre-

quencies under 700 MHZ). The RF reflection level in the
single-turn coil was investigated by using a network analyze
(Model No. 8714C, Hewlett-Packard, Palo Alto, CA; frequency
range, 0.3 to 3000 MHz). The change in the reflection levels be
tween 20 and 300 MHz was less than 0.4 dB. The DPPH powd:
was inserted into the center of the single-turn coil.

A pair of saddle-type pickup coils (STPCSH9 was used
to detect the change in magnetization in DPPH. The single-tui
coil was inserted into the center of the pair of STPCs.

Measurements of Static Magnetic Fields

The probe head of the LODESR magnetometer was inserte
into By to measure itBy was generated using a commercially
available electromagnet (modified RE3X, JEOL, Tokyo, Japan
Before this experiment, the magnetic field at the center of th
electromagnet was calibrated using a conventional gaussme
(ML-1V, Magnet Laboratories, Inc., Tokyo, Japan; field range,
1 to 3000 mT; errort1.5%).

Figure 2 shows the results of the wide-range measurements

a__J\

N

By using the LODESR magnetometer with a single probe hea
(frequency sweep width, 270 MHz). When tBgstrengths were

set at 2.6 (Fig. 2a), 4.1 (Fig. 2b), 5.6 (Fig. 2¢), 7.1 (Fig. 2d), ani
8.6 mT (Fig. 2e), the LODESR signals of DPPH appeared ¢
frequencies of 71.9166 (Fig. 2a), 115.9781 (Fig. 2b), 158.599

(Fig. 2c), 200.7369 (Fig. 2d), and 243.8431 MHz (Fig. 2e),

respectively; and thd3y strengths that were computed from4

b
c —
d _~
e ——,
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FIG. 2. Experimental results for wide-range measuremenyatrength

sing the LODESR magnetometer with a single probe hBgdias setat 2.6 (a),

.1 (b), 5.6 (c), 7.1 (d), or 8.6 mT (e). The instrument settings for wide-range

these frequency were 2.5645 (Fig. 2a), 4.1358 (Fig. 2b), 5.65R8asurements were start and stop frequency in sweeping, 20 and 290 MH
(Fig. 2c), 7.1582 (Fig. 2d), and 8.6954 mT (Fig. 2e). These valuggeep time, 30 s; average power, 0.4 W at 290 MHz.
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of standing waves is unavoidable because the output impedasicmals are detected with magnetic field modulat®nl(l), so

of the power amplifier that is connected to the single-turn cathe magnetometer itself perturlds. Thus, the reproducibility

is not perfectly matched to 50 ohm. Therefore, it is presumedth the ESR magnetometer would be limited by other condi-

that the radio waves with an augment&dat a frequency where tions (such as the accuracy of the magnetic field modulation) i

standing waves occur are rectified and appear as a small signalddition to the accuracy of the RF source.

Fig. 2 despite the low pass filter connected between the pickugdn this study, a LODESR magnetometer for low fields was

coils and preamplifier. Such a signal was observed at a differeatnly introduced. This is the first study to apply the LODESR

frequency when the length of the transmission line was changetkthod to measui®y. In a conventional ESR magnetometgy,

This supports the explanation given above. is determined from radio wave absorption under ESR irradiatior
In By (the same as that under the condition shown im applying the LODESR magnetometer, it is determined from

Fig. 2d), the narrow-range measurements (frequency swehp longitudinal change in magnetization under ESR irradiation

width, 4 MHz) were made using the LODESR magnetometédts main advantage over a conventional ESR magnetometer

The LODESR spectrum obtained near its peak for a bandwidtiat a wide range oBy can be measured without changing the

of 1 MHz was fitted by the method of least squares (Fig. 3). Tipgobe head.

preciseBy strength was obtained from the resonant frequency,

which was derived from the peak point of the fitted curve. Using EXPERIMENTAL

this measuring method, the standard error, calculated from five

independent determinations, wa8.017uT (i.e.,£2.4x10°%). RF Irradiation

This value is smaller than that obtained with a commercially the radio waves were generated by a synthesized oscillat

available ESR magnetometér}. (Model No. MG3633A, Anritsu, Tokyo, Japan; frequency range,

The g-value of DPPH was measured to an accuracy 9f kHz to 2700 MHz: frequency error, less thar 20-8/day),
50 ppm at 10 mT by calibratinBo with an NMR magnetome- o6t modulated by a pin switch (ZYSWA, Mini Circuit, New
ter (10). Thus, the absolute value 8f measured with DPPH in York: frequency range, DC to 5 GHz: switching time, 5 ns)

this study was to five significant figures. However, reproducibil, 4 5 function generator (Model No. AFG320, Sony-Tektronix,
ity in measuringBo by the LODESR magnetometer mainly de—.

) P/O’ Japan; frequency range, 0.01 Hz to 16 MHz), ampli-
pends on the accuracy of the RF signal source because tempggg by a power amplifier (Model No. A1000-1S-M, R&K, Fuiji,

changes in thg-value are negligible. The.high rgprodgcibilityjapan; gain, ca. 20 dB; output impedance, 50 ohm:; frequenc
of our magnetometer (erro#;2.4 x 107%) is not inconsistent range, 20 to 800 MHz; max power, 1 W), and applied to the

with the high accuracy of the RF source (frequency error, 168, iation coil. The duty factor in the on/off modulation of the
than 2x 10-8/day) (13). In the conventional ESR magnetometer., yio wave was 0.5.

Pickup Coils

A pair of STPCs 7-9) was used to detect the change in mag-
netization in DPPH. Each coil of the pair was constructed fromn
15 turns of copper wire (0.3 mm in diameter). The outer diam-
eter of the coil measured 30 mm. These coils were pasted on
a cylindrical quartz glass tube (38 mm in outer diameter).

LODESR Signal Detection

The longitudinal change in magnetization induced a signa
in the pair of STPCs at a modulation frequency of 1.3 MHz.
LC matching circuits were used to match the impedance of th

S Y T T S T S S S pickup coils with the inputimpedance of the preamplifiers at the
200.2 200.4 200.6 200.8 201 201.2 modulation frequency. Th@-value of the STPCs is 22. To avoid
rectifying the modulated RF, a low pass filter (Model No. SLP-5,
Mini Circuit; cutoff frequency, 6 MHz) was connected between

FIG. 3. Example of narrow-range measurementsBgf(the same as that the pickup coils and the preamplifier. The signals from the righ
under the condition shown in Fig. 2d) by using the LODESR magnetometer fand the left STPCs, which have opposite polarities, were ampli
a precise determination. The instrument settings were similar to the wide-rarfiged separately by two preamplifiers (Model No. SA-230F5, NF

measurements (see Fig. 2), except for the sweep width, which was 4 MHz. @Brp. Yokohama Japan; gain 46 dB: input impedance 50 ohn
LODESR spectrum obtained near its peak for a bandwidth of 1 MHz was fitrtj ' ' ’ ' ’ !

d . .
by the method of least squares (solid line, raw data; dashed line, fitted cu &a.quency range, 1 kHz to 100 MHz; noise figure, 0.6 dB). The

The preciseBy strength was obtained from the resonant frequency, which ngff(-erence.in OUtpL_Jt_S from the preamplifiers was amplified by
derived from the peak point of the fitted curve. a differential amplifier (Model No. 5305, NF Corp.; frequency

Frequency/MHz
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range, DC to 10 MHZz) to reduce common mode noise. Thé. J. K. Hulbert,J. Phys. E9, 283 (1976).
LODESR signals were detected by a lock-in amplifier (Modeb. A. Colligiani, D. Leporini, M. Lucchesi, and M. Martnellin “Electron
No. 5202, PARC, Princeton, NJ; frequency range, 0.1 to 50 Magnetic Resonance of Disorder Systems” (N. D. Yordanov, Ed.), pp.16-

MHz) at the on/off modulation frequency. 87, World Scientific, Singapore, 1991.
6. I. Nicholson, F. J. L. Robb, and D. J. Luri@, Magn. Reson. B04,284

(1994).
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